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The radiation hazards of five kinds of different solid metallic tailings collected from
Shangluo, China were determined on the basis of natural radioactivity measurements using
low background multichannel gamma ray spectrometry. The activity concentration of 226Ra,
232Th and 9K in the tailings ranged from 5.1 t0 204.3, 3.8 to 28.5,and 289.6 to 762.3 Bq/kg,
respectively. The radium equivalent activities and the external hazard indexes of all studied
metallic tailings were below the internationally accepted value of 370 Bq/kg and unity, respec-
tively. The internal hazard index of vanadium tailings exceeded unity, while the internal haz-
ard indexes of other analyzed metallic tailings were less than unity. The indoor air absorbed
dose rate values for all studied metallic tailings except lead-zinc tailings and gold tailings were
higher than the world population-weighted average of 84 nGy/h and the annual effective dose
values of all metallic tailings except for vanadium tailings were lower than 1 mSv. The study
showed that vanadium tailings present a radiation hazard and their usage as building materi-

als should be restricted.
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INTRODUCTION

Metallic tailings are the residues from the extrac-
tion of metal from the crushed and ground ores. The ef-
fluent and tailings from the mill are discharged as
slurry to a waste-retention pond for disposal. When
the ores are of a low grade, the majority of the tonnages
of ores processed at the mill is disposed as tailings.
Metal mineral resources are abundant in Shangluo of
the Shaanxi province, China, so after processing,
plenty of metallic tailings are produced every year in
Shangluo and stored in tailings reservoirs. Such
underutilization of the metallic tailings not only places
aheavy economic burden of waste management on the
mining industry, but also brings about severe environ-
mental problems and ecological risks in the mining re-
gions [1-3]. Metallic tailings can pollute soil due to
dust emissions resulting from surface erosion [4-6]
and can contaminate water due to the leaching of
heavy metals or radioactive metals [7-9]. Mine drain-
age is the main source and transfer pathway of
radionuclides to plants [10-13] and even pollutes the
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diet near the mining and milling tailings region
[14-16].

Using tailings to produce building materials not
only can realize zero-emission of tailings wastes, but
also could offer a new raw material for the building in-
dustry. Construction materials produced from metallic
tailings can be used as a substitute for conventional
building materials with the benefits of farmland con-
servation, environmental protection and energy sav-
ing [17]. Nowadays, more and more metallic tailings
are used to produce construction materials, such as en-
gineered cementitious composites [18], mortar [19],
concrete [20, 21], bricks [22-27], etc. However, these
kinds of building materials can pose radiation risks to
residents. Therefore, it is necessary to determine the
natural radioactivity level of metallic tailings when
they are used as building materials. Determining the
radioactivity of metallic tailings is important for the
assessment of population exposure to radiation. Fur-
thermore, the knowledge of this radioactivity can help
to set the standards and national guidelines for the use
and management of such metallic tailings and assess
the associated radiation hazard to the people. To our
knowledge, the natural radioactivity of Shangluo me-
tallic tailings has not been investigated. The aims of
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this study are to investigate the activity concentration
of natural radionuclides in the main metallic tailings of
Shangluo and evaluate the associated radiation haz-
ards to individuals by using a radium equivalent activ-
ity, external and internal hazard indexes, indoor air ab-
sorbed dose rate and annual effective dose. Results
would provide basic information for the safe use and
management of metallic tailings.

MATERIALS AND METHODS
Samples

Five types of tailings of metal from the mining
plant in Shangluo of northwestern China, i. e., molyb-
denum tailings (MoT), vanadium tailings (VT), gold
tailings (AuT), iron tailings (FeT), and lead-zinc tail-
ings (PbZnT), were investigated. Four to six samples
of each type of the investigated metallic tailings were
collected from the local tailings ponds and about 1 kg
tailings were collected for each sample. All samples
were crushed and milled to pass through a 1 mm mesh,
then homogenized and dried in an oven at 105 °C until
they reached a constant mass. The prepared samples
were weighed and hermetically sealed in radon imper-
meable polyethylene containers (7.0 cm height and
6.5 cm diameter) and stored for 4 weeks to ensure that
radium, thorium, and their short-lived progenies were
in the secular equilibrium [28§].

Radioactivity measurement

A3 %3 in. Nal(Tl) gamma ray spectrometric system
with >8 % energy resolution (’Cs 661.6 keV) was used
to determine the concentrations of natural radionuclides
226Ra, 22Th, and “°K in the investigated metallic tailings.
The detector, housed in a cylindrical shield with a thick-
ness of 10.5 cmand a height of 38 cm, was coupled to a
1024 microcomputer multi-channel pulse height analyzer
and the system was calibrated for the y-energy range 50
keV to 3.2 MeV. Activity concentrations were averaged
from photopeaks measured at several y-ray energies. For
226Ra, the 609.3 and 1764.5 keV gamma lines, emitted
from ?'4Bi, were used. For *?Th, the gamma lines of '’Pb
and 2%T1 at 238.6 and 2614 keV, respectively, were aver-
aged. “K was measured directly through its gamma
photopeak at 1460.8 keV.

The standard sources for >*°Ra and 2**Th (in a
secular equilibrium with 2?8Th) were prepared by mix-
ing the known activity contents with the matrix material
of phthalic acid powder. Analar grade potassium chlo-
ride (KCI) of a known amount of the same geometry
was used as the standard source of °K. Sealed cylindri-
cal polyethylene containers were used to keep the pre-
pared standard sources. So the loss of gaseous daughter
products of 2*Ra and >*?Th which may lead to distur-
bance in the radioactive equilibrium can be avoided.
Each sample was counted for 18 000 s and counted two
times before an average was calculated [28].

Calculation of radiation hazard parameters

The radium equivalent activity (Ra,,), the exter-
nal hazard index (), the internal hazard index (),
the indoor air absorbed dose rate (D), and the annual
effective dose (AED) were calculated for all investi-
gated metallic tailings to assess the associated radia-
tion hazards using the equations [29-31]
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where Cr,, Crp, and Ci are the activity concentration
of *°Ra, #*Th, and *’K in Bq/kg, respectively, 0.8 is
the indoor occupancy factor, and 0.7 is the conversion
coefficient (Sv/Gy) from the absorbed dose in air to
the effective dose received by an individual.

RESULTS AND DISCUSSION
Specific activity
The range and mean value of ?°Ra, 2*?Th, and

40K concentration in the investigated metallic tailings
are shown in tab. 1. The activity concentrations of

Table 1. Activity concentration [Bqkg™] of ***Ra, >**Th, and *’K in metallic tailings of Shangluo, China

. 2Ra 22T K Total activity

Tailings

Range Mean Range Mean Range Mean Range Mean

MoT 53.6-61.2 57.4 9.5-12.2 10.9 519.8-538.7 529.3 593.2-601.8 597.5

VT 182.7-204.3 193.4 8.5-11.6 10.0 415.9-551.5 466.6 631.4-742.8 670.0

AuT 15.5-15.9 15.7 20.3-28.5 244 516.3-561.1 538.7 560.7-596.9 578.8

FeT 16.6-31.7 239 9.3-17.9 13.6 716.9-762.3 737.7 751.2-802.3 775.2

PbZnT 5.1-53 52 3.8-4.2 4.0 289.6-304.3 297.0 298.5-313.8 306.2
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Table 2. The calculated value of the radiological hazard index in metallic tailings of Shangluo, China

Tailings Statistics Rag, [Bakg '] Hy H, D [nGyh '] AED [mSv]
Min 108.7 0.294 0.439 102.9 0.505
MoT Max 118.7 0.321 0.486 111.3 0.546
Mean 113.7 0.307 0.462 107.1 0.525
Min 2322 0.628 1.121 216.2 1.060
VT Max 252.6 0.683 1.235 233.8 1.147
Mean 2437 0.658 1.181 226.3 1.110
Min 87.7 0.237 0.297 81.4 0.399
AuT Max 96.4 0.260 0.303 87.2 0.428
Mean 92.0 0.248 0.291 84.3 0.414
Min 97.1 0.262 0.307 92.1 0.452
FeT Max 102.7 0.277 0.363 99.5 0.488
Mean 100.2 0.271 0.335 96.0 0.471
Min 32.8 0.088 0.108 32.0 0.157
PbZnT Max 34.6 0.094 0.102 33.8 0.166
Mean 33.7 0.091 0.105 32.9 0.161

226Ra, 232Th and *°K in the metallic tailings ranged from
5.1t0204.3, 3.8 t0 28.5, and 289.6 to 762.3 Bq/kg, re-
spectively. The 2*°Ra concentrations were higher than
the 232Th concentrations in all tailings, molybdenum
(MoT), vanadium (VT), iron (FeT), and lead-zinc
(PbZnT), except in gold tailings (AuT) where the 2*’Th
concentration is higher than the 2*°Ra concentration.
40K accounts for 69.6 % to 97.0 % of the total activity
concentration, . e., it is the largest contributor to the to-
tal activity concentration for all tailings samples. Larger
diversity of the natural radioactivity level was found
among five different metallic tailings (tab. 1). The low-
estactivity concentrations of *Ra, 23Th, and “°K were
found in PbZnT and all values were lower than the
worldwide population-weighted average value for soils
(32, 45, and 420 Bq/kg for 2*°Ra, 232Th, and *°K, re-
spectively, [31]). The mean 2*Ra concentrations of
MoT and VT are relatively high when compared to the
worldwide population-weighted average value for soil,
while the mean 2>°Ra concentrations of AuT and FeT
are lower than the average value of worldwide soil. The
mean activity concentrations of 22>Th in all investigated
samples of tailings were lower than the worldwide pop-
ulation-weighted average value for soil [31]. The mean
232Th concentration is highest in AuT, while values for
MoT, VT, and FeT are very similar. The mean concen-
trations of 4°K in all investigated metallic tailings ex-
cept for PbZnT were higher than the worldwide popula-
tion-weighted average value for soil [31].

Radiation hazard of metallic tailings

The radiation hazard arising from the use of me-
tallic tailings in the construction of dwellings was cal-
culated using equations given in the previous section
and the results are presented in tab. 2. The highest Ra,,
value of 252.6 Bg/kg was found in VT, but all Ra,,
values were lower than the recommended limit of
370 Bq/kg for building materials [31]. The calculated
values of H,, for the metallic tailings are well below
unity ranging from 0.088 in PbZnT to 0.683 in VT,

while the H;, values exceed unity only for VT samples
(tab. 2). The relative contributions of 22°Ra, 2*2Th, and
40K to H,, for all investigated metallic tailings were es-
timated and the results are shown in fig. 1. ?>°Ra is the
largest contributor to H;, in VT (88 %) and these high
226Ra activity concentrations imply a high release of
222Rn, which can enter the human body through inha-
lation and can cause internal radiation exposure
through Rn and its short-lived decay products. The es-
timated D values for the investigated metallic tailings
range from 32.0 nGy/h in PbZnT to 233.8 nGy/h in
VT. The D values of MT, VT, and FeT are significantly
higher than the world population-weighted average
indoor absorbed gamma dose rate of 84 nGy/h [31],
while the D values of PbZnT and AuT are lower than
and close to the world population-weighted average
indoor absorbed gamma dose rate, respectively. The
calculated values of AED due to gamma ray emission
from 2*°Ra, 23Th, and *°K in the studied metallic tail-
ings range from 0.157 mSv in PbZnT to 1.147 mSv in
VT (tab. 2). All investigated metallic tailings except
for VT have the AED values lower than the recom-
mended limit of 1 mSv for building materials [30]. The
higher AED values for VT samples are mainly due to
the contribution of the higher 2?°Ra concentration in
the samples, which contributes about 79 % to AED

(fig. 2).
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Figure 1. The relative contribution of 226Ra, BT,
and “K to H;, in metallic tailings
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Figure 2. The relative contribution of 226Ra, BT,
and *’K to D and AED in metallic tailings

CONCLUSIONS

Natural radioactivity levels and radiation haz-
ards of various tailings (molybdenum, vanadium,
gold, iron, and lead-zinc) collected from Shangluo,
China, were determined in the present study. Different
types of metallic tailings have diverse natural radioac-
tivity levels. Vanadium tailings from Shangluo have a
high 22°Ra concentration, which can cause an internal
radiation and annual effective dose to individuals
above internationally accepted limits. Consequently,
the use of these tailings in the construction of dwell-
ings should be restricted, whereas other investigated
metallic tailings in Shangluo can be safely used as
building materials and do not pose any significant
source of radiation hazard. These study results provide
the basic data of natural radioactivity for the investi-
gated metallic tailings. In addition, when local build-
ing materials enterprises use vanadium tailings to pro-
duce other building materials such as brick and
concrete, efc., the additive amount of vanadium tail-
ings should be noted and the natural radioactivity of
the products should be monitored.
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Cykan XY AHTI, Kcunsen JIY, IInantao JIW, Kuan JIA

PAINJAIIMOHUN PU3UK OO METAJHUX OTIIAJAKA Y
YBPCTOM CTABY Y HIAHIIIYOY Y KNMHU

Ha ocHoBy Mepewa NpupofHE pagMOAaKTHBHOCTH HUCKO(MOHCKUM BUIIEKaHAJTHUM Trama
CIEKTPOMETPOM YTBpbHEH je paaujaldoHN PU3MK IEeT BpPCTa METAHUX OTMajaka y UYBPCTOM CTamby
cakymbenux y lllanrnyoy y Kunu. Konnenrpanuje akrusaoctu 2*°Ra, 232Th u “/K y ornanuma 6une cy y
omnce3nma: 5.1-204.3, 3.8-28.5 u 289.6-762.3 Bq/kg, pecneKTuBHO. AKTUBHOCTY €KBUBAJIEHTA pajujymMa u
MHJEKCH CIIOJballleT PpU3MKa CBUX UCIUTAHUX METATHUX OTIAajlaka, UCIof cy MebyHapogHo npuxBaheHux
BpenHoctu of 370 Bg/kg u jepuHuIe, pecneKTUBHO. MHAEKC yHYTpallbher pU3uKa OoTNajfaka BaHaAujyMa
Ipesiasd jeUHNYHY BPEMHOCT, MOK Cy MHACKCH YHYTpalllhel PH3UKa OCTAIMX WMCIHUTAHUX METATHHX
oTIajiaka ucnop jeguHuie. BpegHoctu jaunHa ancopOoBaHMX [j03a UCIUTAHUX METAJNHUX OTHajaka, y
Ba3/1yXy y 3aTBOPEHUM IIPOCTOpUjaMa, moBehaHe ¢y y OJHOCY Ha CBETCKH IPOCEK ca TeXKMHCKUM (PaKTOPOM
nonynanuje of 84 nGy/h, ocuM 3a OoTmaTKe ONOBO-IMHKA U 3J1aTa, a FOAUIILE e(PEeKTUBHE A03€ CBUX
METaTHUX OTHajiaka cy ucnof 1 mSv, ocum 3a BaHajujyM. MicTpakuBame noKasyje 1a OTHany BaHaujyma
MIpEJICTaBIbajy pafyjaliioOHN PU3UK T€ HETOBY MPUMEHY y TpaheBuHCKOM MaTepujany Tpeba 3a0paHuT.

Kmwyune peuu: meitiannu oitiiadax, UpupoouHa paouoaxkitiueHOC, paoujayuuoHu pUsuk,
AKTHUBHOCI eK8UBAAEHILA PAOUJyMa



